The excess Fe atoms which unavoidably exist in the Fe(Te, Se, S) crystal lattice result in a complicated antiferromagnetic ground state as well as the suppression of superconductivity. As a result, there are still discrepancies on their phase diagrams. In this paper, we report the synthesis of Fe 1+δ Te 1−x S x (0 ≤ x ≤ 0.12) single crystals by a melting method. Superconductivity was greatly improved after air annealing by which we partially removed the excess Fe atoms. Based on the resistivity and susceptibility measurements, we concluded a phase diagram of the Fe 1+δ Te 1−x S x (0 ≤ x ≤ 0.12) system with fewer excess iron atoms. We found a coexisting region (0.07 ≤ x ≤ 0.11) of antiferromagnetic order and bulk superconductivity. This phase diagram is similar to that of the K-or Co-doped BaFe 2 As 2 system, as well as the Fe(Te, Se) system, implying a commonality of the iron-based superconductors.
Introduction
The discovery of superconductivity (SC) in quaternary ironbased oxypnictide LaFeAs(O 1−x F x ) with a superconducting transition temperature T c = 26 K [1] sparked great interest and scientific activity. After five years of continuous endeavor, a series of superconductors with different structures were discovered, which contain FeAs-or FeSe-layers. Stacking of antifluorite Fe 2 As 2 building blocks interleaved with alkali, alkaline earth, and rare earth oxide layers forms varieties of iron-pnictide superconductors, which include '1111' [2] [3] [4] , '122' [5] [6] [7] , '111' [8, 9] , '32522' [10] , and '42622' [11] systems. In contrast with the diversity of the FeAs-based superconductors, the iron-chalcogenide compounds are much simpler in structure due to the neutrality of the Fe(Te, Se, S) layer. There are only two kinds of iron-chalcogenide superconductors: the FeSe-11 superconductors [12] [13] [14] with T c ∼ 8-15 K and the newly discovered (Tl, K, Rb, Cs)Fe x Se 2 superconductors [15] [16] [17] [18] [19] [20] [21] with T c ∼ 27-32 K. The structural commonality of these two FeSe-based superconductors is that the Fe(Te, Se, S) layer consists of the edge sharing Fe(Te, Se, S) 4 tetrahedra, isostructural and isoelectronic [22, 23] to those of the FeAs-based compounds. However, the non-stoichiometry of Fe ions always exists in the Fe 1+y (Te, Se, S) and (Tl, K, Rb, Cs)Fe x Se 2 compounds. The Fe vacancies in the iron plane of (Tl, K, Rb, Cs)Fe x Se 2 form some kind of superlattice, such as the √ 5 × √ 5 lattice in the so-called '245' phase [17, 24, 25] . In contrast, there are excess iron atoms partially occupying the interstitial sites [26] between the adjacent Fe(Te, Se, S) layers in the Fe 1+y (Te, Se, S) system, similar to the location of Li in Li 1−x FeAs [9] .
The excess iron atoms have significant influence on the crystal and magnetic structures, as well as SC in the Fe 1+y (Te, Se, S) system. For example, the superconducting β-Fe 1.01 Se undergoes a structural transition at 90 K from tetragonal to orthorhombic phase, while the nonsuperconducting β-Fe 1.03 Se does not [27, 28] . For Fe 1.076 Te with less excess Fe atoms, a commensurate antiferromagnetic (AFM) transition occurs at about 70 K, accompanied by a structure transition from a tetragonal to a monoclinic phase [26, 29] . While for Fe 1.141 Te with more excess Fe atoms, an incommensurate AFM order with orthorhombic lattice distortion emerges at about 60 K. The density functional calculation for Fe 1+δ Te suggested [30] that the valence of the excess Fe is +1 and thus provides electron doping. Moreover, the excess Fe atom has a strong magnetism that interacts with the moments of the plane Fe. The larger local magnetic moment of the excess Fe ion is expected to persist, even if the AFM order of the plane Fe is suppressed by doping, and thus have a pair breaking effect on SC. Experimentally, it was also found [31] that the excess Fe atom is antagonistic to SC and results in a weakly localized electronic state in Fe 1+δ Te 0.64 Se 0.36 single crystal. Therefore, the coexistence of the long-range AFM order and SC in the Fe 1+δ Te 1−x Se x phase diagram has been in hot debate [32] [33] [34] . An effective way to eliminate the influence of the excess Fe on SC becomes imperative to study its SC and phase diagram. In our previous paper [35] on the Fe 1+δ Te 1−x Se x system, we found annealing in air (≤300 • C) an effective way to improve SC by partially removing the excess Fe atoms. On the other hand, long time vacuum annealing has been proved to be efficacious to make the Se/Te more homogeneous [36] . However, annealing in vacuum is only beneficial to the SC of the sample with higher Se content [35] . Consequently, we concluded that the excess Fe is the main factor to suppress SC in the sample with lower Se content, rather than the Se/Te homogeneity. In contrast, the homogeneity and the excess Fe both affect the SC of the sample with higher Se content. Based on the resistivity and susceptibility measurements for the crystals annealed in air, we concluded a revised phase diagram of the FeTe 1−x Se x system with fewer excess iron atoms. We found that there is no intermediate region in which the compound enters into a spin glass state or exhibits no bulk SC in the phase diagram [32] [33] [34] . Instead, there is a coexisting region of the long-range (π, 0) AFM order and the bulk SC with (π, π) magnetic resonance in the phase diagram.
The FeTe 1−x S x compound is also found to be a superconductor with T c ∼ 10 K [14, 37] . However, its superconducting volume fraction is always small. Soon after this discovery, several groups reported the enhancement of SC in the FeTe 1−x S x system by annealing in oxygen or air [38, 39] , soaking in water [40] or even in alcoholic beverage [41] . Some of them attributed the improvement of SC to the shrinkage of the crystal lattice [38, 40] . However, there also exist excess Fe atoms whose influence on SC cannot be ignored. In this paper, we grew successfully a series of Fe 1+δ Te 1−x S x (0 ≤ x ≤ 0.12) single crystals by a self-melting method. Following the same recipe of the Fe 1+δ Te 1−x Se x system [35] , we annealed Fe 1+δ Te 1−x S x single crystals in air at 270 • C for 2 h. Based on the structure and composition analysis for the single crystals as-grown and annealed in air, we confirmed that the improvement of SC in the crystals annealed in air is due to the decrease of the excess Fe content. We concluded a phase diagram of the Fe 1+δ Te 1−x S x (0 ≤ x ≤ 0.12) system from the resistance and susceptibility data. It is found that there is a coexisting region (0.07 ≤ x ≤ 0.11) of the long-range AFM order and bulk SC in the phase diagram. The phase diagram is similar to that of the SmFeAsO 1−x F x system [42] , and the K-, Co, and P-doped BaFe 2 As 2 systems [43] [44] [45] , as well as the FeTe 1−x Se x system [35] , indicating that the coexistence of the AFM order and SC may be a commonality of the iron-based superconductors.
Experimental details
Fe 1+δ Te 1−x S x (0 ≤ x ≤ 0.12) single crystals were grown by a self-melting method. A mixture of Fe(99.99%), Te(99.999%), and Se(99.999%) powders with nominal composition FeTe 1−x S x (x = 0, 0.05, 0.08, 0.10, 0.12, 0.14, 0.16, 0.18, 0.20) was loaded into a silica ampule and sealed into a second one to avoid cracking upon cooling. The ampule was evacuated, sealed, heated slowly to 920 • C and kept there for 24 h, then slowly cooled to room temperature at a rate of 3 • C h −1 . The single crystals as-grown could be easily cleaved perpendicular to the c axis, indicating a layered structure (inset of figure 1(b) ). We cleaved them into thin slices (2.0 × 1.0 × 0.1 mm 3 ) and re-heated them in air at 270 • C for 2 h. We found that the color of the annealed crystals changed to blue as shown in the inset of figure 1(b). We conjectured that the iron oxides are accumulated on the surface during the annealing process. We cleaved the surface layer and measured the inner chemical composition by an energy-dispersive x-ray spectrometer (EDS) with the Phoenix EDAX equipment attached to a field-emission scanning electron microscope (Sirion FEI). The actual composition was determined by averaging at least 10 points on the shiny surface of the crystal. X-ray diffraction (XRD) was performed at room temperature using a D/Max-rA diffractometer with Cu Kα radiation and a graphite monochromator. Analysis of the XRD data was made by using the GSAS suite of Rietveld programs [46, 47] . Resistivity measurements were performed by a standard four-probe method on a physical property measurement system (PPMS-9). The dc magnetization measurements were performed down to 2 K with a Quantum Design (Magnetic Property Measurement System, MPMS-7) superconducting quantum interference device (SQUID).
Results and discussion
As mentioned above, air/oxygen annealing is beneficial to the SC of Fe 1+δ Te 1−x S x [38, 39] . To elucidate its mechanism, we chose the single crystals with nominal composition FeTe 0.8 S 0.2 to study the air annealing effect on structure and composition. The main panel of figure 1 depicts the powder XRD patterns and the Rietveld refinements for the FeTe 0.8 S 0.2 as-grown and annealed in air at 270 • C for 2 h. The powders were obtained by grinding several pieces of the single crystals. We found that the main diffraction peaks in figures 1(a) and (b) can be well indexed with the P4/nmm space group. Additional peaks were also evident in the profiles and these could be identified as the Te (space group: P3121) and the Fe 3 O 4 (space group: Fd3m) minor phase. Rietveld refinements with three phases were successful as indicated by the fairly good reliability factors concluded in table 1. The fractions of these three phases are also presented. As we know, sulfur evaporates easily under high temperature. As a result, there may exist unreacted Te atoms. However, we did not find Te diffraction peaks in the single crystal XRD patterns as shown in figure 2(a) . We suggest that the unreacted tellurium may be intercalated between the single crystals. The Te minor phase is quite evident when the single crystals are ground into powders and its fraction reaches and AFM transition temperature T N derived from the R(T) and M(T) curves. figure 1(a) ). The lattice parameters derived from the refinements confirmed that the a and c axes barely changed after the air annealing. EDS measurements manifest that the S content approaches 0.12 and there are excess Fe atoms in the single crystals as-grown and annealed. Moreover, the excess Fe decreased from 0.08 to 0.05 after the air annealing. A similar conclusion was drawn for the Fe 1+δ Te 1−x Se x system [35] . As a result, we suggest that the enhancement of SC via air annealing in our Fe 1+δ Te 1−x S x samples mainly originates from the decreasing excess Fe content, rather than the variation of the crystalline lattice. It is noteworthy that the intensity (as marked by the arrow in figure 1 ) of the Fe 3 O 4 peaks increased after the air annealing. Rietveld refinements confirmed the increase of the Fe 3 O 4 fraction from 4.2% to 8.1%. We believe that the increased Fe 3 O 4 fraction mainly came from the oxides accumulated at the crystal surface, which consequently changed the surface color. We also measured the composition map of the S element by EDS (not shown). However, no distinct difference was found between the crystal as-grown and annealed. Compared to the long time vacuum annealing (7-10 days) [35, 36] , the time of air annealing (always 2 h) is not enough to redistribute the S element. Because of the prominent effect of the air annealing in improving SC, we annealed a series of FeTe 1−x S x (nominal composition) single crystals with 0 ≤ x ≤ 0.2 in air at 270 • C for 2 h and measured their compositions as shown in table 2.
Nominal composition

Measured composition via EDS (annealed)
Although the starting materials were mixed exactly to the stoichiometric composition, the excess iron atoms inevitably exist even in the annealed Fe 1+δ Te 1−x S x single crystals. The measured S concentration is little less than the nominal value and becomes saturated when x approaches 0.12. It indicates that the solubility limit of S in Fe 1+δ Te is about 12%, close to the results of the polycrystalline sample [39] . An x-ray diffraction scan of the basal plane reflections from a single crystal is shown in figure 2(a) . The sample exhibits excellent crystalline quality on the long range which can be seen from the sharp diffraction peaks and the inset of figure 1(b) . The inset of figure 2(a) depicts the normalized intensity of the (002) peaks for Fe 1+δ Te 1−x S x (x = 0, 0.04, 0.08, 0.10, 0.12). With increasing x, the (002) peaks proceed to the higher degree. Figure 2(b) shows the evolution of the lattice constant c derived from the XRD results. The c value decreases monotonically with increasing S concentration. This is consistent with the fact that when Te is substituted by S, the lattice tends to shrink along the c-axis because of the smaller radius of the S atom. Figure 3 (a) depicts the temperature dependence of the normalized resistivity with the current in the ab plane; a closeup of the transition region is also shown in the inset. For the undoped Fe 1+δ Te, we observe a sharp decrease of resistance at T N ∼ 70 K, corresponding to the AFM transition accompanied by a structural distortion [26] . This sharp decrease evolves into an anomaly in the ρ(T) curve when Te is substituted by S. The anomaly is gradually depressed with increasing S content and becomes hardly discernable when x ≥ 0.09. The AFM transition temperature T N -R at which dρ(T)/dT reaches a maximum decreases monotonically with increasing x, as shown in table 2. Besides the AFM transition, another sharp drop corresponding to the superconducting transition is observed below T N -R. Although the superconducting transition becomes sharper when x increases, zero resistance is not observed until x ≥ 0.07, demonstrating that sufficient S concentration is imperative to SC. For the samples with x = 0.09, 0.10 and 0.12, we observe zero resistance at T zero c = 6.3 K, 7.4 K and 7.3 K, respectively. Additionally, there is no discernable feature of the AFM transition in these samples' resistance. It is noteworthy that the ρ(T) curves of all the samples above T N -R show negative temperature coefficients. Considering the similar results in Fe 1+δ Te 1−x Se x with x < 0.20, we attribute it to the insufficient S substitution for Te [35] . In order to confirm the bulk SC of these samples, we further measured their dc susceptibility under a magnetic field of 30 Oe parallel to the c-axis with a zero-field-cooling (ZFC) procedure. For the x = 0.04 sample, although its susceptibility starts to drop at about 7 K, it does not reach a negative value because of the strong magnetic background of Fe 3 O 4 . This is consistent with the fact that its resistance only shows a small decrease near 7 K. For the samples with x ≥ 0.07, they all show bulk SC although the superconducting transition in χ (T) is not very sharp. With increasing S concentration, their volume fractions of SC grow larger, consistent with the decreased superconducting transition width in their ρ(T) data. Figure 4 shows the normalized susceptibility of Fe 1+δ Te 1−x S x (0 ≤ x ≤ 0.12) between 2 and 73 K at 1 T with a field-cooling (FC) procedure. The parent compound Fe 1+δ Te experiences a first order magnetic and structural transition at 70 K. With increasing x, the AFM transition temperature shifts down to a lower temperature. For example, T N -M are 60, 51 and 44 K for the x = 0.04, 0.05 and 0.07 samples, respectively, close to the value derived from the ρ(T) data. Although there is no obvious kink in the ρ(T) curves for the x = 0.09 and 0.10 samples, AFM transitions are still discernable in their χ(T) curves. For the x = 0.10 sample, AFM transition is suppressed to 16 K, close to the superconducting transition temperature. However, χ (T) for the x = 0.12 sample increases monotonically with cooling, and there is no obvious AFM transition observed above 2 K.
With the results in hand, we conclude the phase diagram of Fe 1+δ Te 1−x S x (0 ≤ x ≤ 0.12) with fewer excess iron atoms as shown in figure 5 . The solubility limitation of S confined our phase diagram to x ∼ 0.12. The AFM transition temperature T N is determined by the temperature at which dR(T)/dT or dχ (T)/dT reaches a maximum. The T onset c is determined as the intersection between the extrapolation of the normal state ρ(T) and the superconducting middle transition as shown in the inset of figure 3(a) . The undoped Fe 1+δ Te has the ground state of AFM order. With S doping increases, T N gradually decreases from 70 K, exhibiting a nonlinear dependence on the S content. The depression of long-range AFM order enables SC to thrive. The onset of superconducting transition is observed when x approaches 0.04. However, zero resistance was not achieved until x > 0.05. The T zero c increases gradually with S substitution and reaches a maximum of T max c ∼ 9.0 K at x = 0.12. AFM order disappears at about x = 0.11 (as shown in the picture with a dashed line). Obviously, there is a coexisting region of the long-ranged AFM phase and the superconducting phase between 0.05 and 0.11. This phase diagram is similar to our previous report of the Fe 1+δ Te 1−x Se x phase diagram [35] , and the K- [43] , Co- [44] , and P-doped [45] BaFe 2 As 2 systems, as well as the SmFeAsO 1−x F x system [42] , indicating that the coexistence of the AFM order phase and the superconducting phase may be a common property of the iron-based superconductors.
Summary
In summary, we successfully synthesized a series of Fe 1+δ Te 1−x S x single crystals with 0 ≤ x ≤ 0.12. Bulk SC can be achieved by means of annealing in air which partially removes the excess Fe. According to the composition, resistance and magnetism measurements, we obtained a phase diagram of Fe 1+δ Te 1−x S x (0 ≤ x ≤ 0.12) with less excess Fe, which is similar to the Fe 1+δ Te 1−x Se x system and the SmFeAsO 1−x F x system, as well as the K-, Co-, and P-doped BaFe 2 As 2 systems. The coexistence of the AFM order phase and the superconducting phase may be a common property of the iron-based superconductors.
